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Abstract
The spontaneous imbibition of liquid in nano-
pores of diﬀerent roughness is investigated us-
ing coarse grain Molecular Dynamics (MD) sim-
ulation. The numerical model is presented and
the simplifying assumptions are discussed in de-
tail. The molecular-kinetic theory introduced
by Blake is used to describe the eﬀect of dy-
namic contact angle on ﬂuid imbibition. The
capillary roughness is modeled using a random
distribution of coarse grained particles form-
ing the wall. The Lucas-Washburn equation
is used as a reference for analyzing the imbi-
bition curves obtained by simulation. Due to
the statistical nature of MD processing, a com-
prehensive approach was made to average and
smooth the data to accurately deﬁne a contact
angle. The results are discussed in terms of ef-
fective hydrodynamic and static capillary radii
and their diﬀerence as a function of roughness
and wettability.
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Introduction
The wetting of solid surfaces controls many pro-
cesses in both industry and nature. The frame
of this work is a better understanding of the
mechanisms related to the migration of a ﬂuid
in porous media, such as oil in reservoir rocks.
If the porous media is exposed to a ﬂuid with
an eﬀective contact angle smaller than pi/2 the
ﬂuid will spontaneously imbibe into the pores.
When the matrix pores and pore throats are
small the capillary forces dominate. In gen-
eral pore surfaces are rough enough to induce
capillary forces diﬀerent from those expected
from studies carried out on non porous ﬂat sur-
faces.1–3 In this study we investigate how rough-
ness inﬂuences the rate of imbibition in porous
media.4–6 Since the geometrical complexity of
a natural pore structure is diﬃcult to address,
we consider here the simpliﬁed case of a single
capillary of diameter ∼ 10 nm with a rough-
ness of size comparable to the size of the ﬂuid
molecules. In our study we consider the case
when imbibition is aﬀected but not prevented
by roughness (no transient pinning phenom-
ena).
Capillary imbibition results in the motion of
the meniscus formed between the liquid and its
vapor and attached to the wall by a contact
line. The apparent contact angle between the
meniscus and the wall measured on rough sur-
faces depends on the surface roughness1–3 and
the contact line dynamics.7–9 The eﬀect of dy-
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namic contact angle on capillary imbibition re-
mains a subject of permanent interest.10–14 The
fundamental mechanisms involved in the mov-
ing contact line dynamics have been recently
reviewed by Blake15 who compared a number
of concurrent models based on hydrodynam-
ics and molecular kinetics. While these mod-
els yield to semiempirical and phenomenologi-
cal description a comprehensive analysis of the
process remains to be undertaken.
At the macroscopic scale ﬂuid imbibition in
capillaries is described by the Lucas-Washburn
equation, which is based on Stokes equations
of momentum. Experimental works16–22 car-
ried out using nanocapillaries support the valid-
ity of the Lucas-Washburn equation used as an
ansatz to our study. Though Lucas-Washburn
and Stokes equations can be applied down to
nanoscales20–26 they can not describe behav-
ior of individual molecules, therefore statisti-
cal approach naturally applies when considering
processes at micro- and nanoscales.7 Eﬃcient
and widely used tools to study such systems
are Molecular Dynamics (MD)24–40 and Lattice
Boltzmann.41–45
Despite the fact that the inﬂuence of rough-
ness on a shear ﬂow has been investigated in de-
tail by means of MD38,46,47 and there are analyt-
ical results on the inﬂuence of regular capillary
wall texture,48 the impact of random roughness
on the imbibition dynamics was not addressed
and justiﬁes the present study.
Theory
It is well known that ﬂuid spontaneously im-
bibes into a lyophilic capillary. If we assume
that: 1) in small channels viscous and capillary
forces are dominant, the relaxation of the ve-
locity proﬁle towards a Poiseuille ﬂow (steady-
state viscous laminar ﬂow under a ﬁxed pres-
sure drop) is almost instantaneous, thus all in-
ertial eﬀects as well as the eﬀects related to the
meniscus formation can be neglected; 2) there is
no slip near the capillary wall; 3) eﬀects on ve-
locity proﬁle associated with the ﬁnite length of
the tube and the presence of a meniscus are neg-
ligible; 4) the hydraulic resistance of the vapor
phase is inﬁnitely small; 5) liquid is incompress-
ible; and 6) the contact angle is constant during
the motion. Then the rate of liquid penetration
can be obtained from the Poiseuille equation:
dl
dt
=
R2D
8η
∆P
l
, (1)
where l is the distance from the meniscus to
the capillary entry, η is the dynamic viscosity
of the ﬂuid, ∆P is the pressure drop and RD is
an equivalent hydrodynamic radius of the cap-
illary. In case of an open-end tube and no grav-
ity:
∆P =
2γ cos θe
RV
, (2)
where γ is the ﬂuid surface tension, θe is the
contact angle at equilibrium and RV is the vol-
umetric(static) radius of the capillary (RV ≡√
S/pi, where S is the capillary cross section).
The solution of 1 is classical Lucas-Washburn
equation:49–51
l2(t) =
Rγ cos θe
2η
t+ l(0)2. (3)
Here l(0) is the initial position of the meniscus
at time t = 0 and R = R2D/RV .
16 In an ide-
ally smooth capillary and in the case of no slip
boundary condition R = RD = RV , for rough
capillaries this is not true any more.
3 was obtained with simplifying assumptions.
Since the saturated pressure of typical hydro-
carbons at moderate temperature is very small
the vapor resistance can be safely neglected
compared to the driving capillary pressure gra-
dient (assumption number 4). All the eﬀects
associated with a possible slip can be taken into
account through RD, as shown by Dimitrov et
al.36 The assumptions about velocity proﬁle re-
laxation, absence of inertia and gravity, ﬁnite
size of the capillary and ﬂuid incompressibility
are discussed in detail later. In general the dy-
namic contact angle depends not only on the
velocity of the moving contact line, but also on
nonlocal hydrodynamic eﬀects.52,53 However, in
our case [nano scales, low Reynolds and Weber
numbers (Re ∼ 0.01,We ∼ 0.001)] the varia-
tion of contact angle during the motion can be
considered as a simple function of the menis-
cus velocity, dl/dt, i.e. θ = f (dl/dt). For this
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purpose the classical Lucas-Washburn equa-
tion (3) is modiﬁed by substituting a velocity-
dependent dynamic contact angle θ for θe in 2.
Among the several expressions proposed in the
literature for f (dl/dt) 15,54–60 we follow the
molecular-kinetic theory approach suggested by
Blake.61
According to this theory the macroscopic be-
havior of the moving wetting line depends on
the overall statistics of individual displacements
of molecules in its vicinity. The velocity of the
moving wetting line depends on the frequency
of molecular displacement, K0, and the aver-
age length of such displacement, λ. In the
simplest case λ is of the order of the distance
between adsorption sites on the solid surface.
The driving force for the motion of the wetting
line is a nonequilibrated surface tension force
γ(cos θe− cos θ). Eyring’s activated-rate theory
for transport in liquids provides:
dl
dt
= 2K0λ sinh
[
γλ2(cos θe − cos θ)
2kBT
]
, (4)
where kB is the Boltzmann’s constant, and T is
the temperature. For small values of the argu-
ment of sinh (when the deviation of the contact
angle from its equilibrium value is not too large)
4 can be linearized to:
dl
dt
=
K0λ
3
kBT
[γ(cos θe − cos θ)] , (5)
or
cos θ = cos θe −
ξ
γ
dl
dt
(6)
where ξ = kBT/(K0λ3) is a coeﬃcient of so
called “wetting line friction,” which depends on
both ﬂuid viscosity and liquid solid interac-
tion.62 Since in the beginning of the motion the
moving meniscus is almost ﬂat, the lineariza-
tion works better for weakly wetting surfaces
where the value of equilibrium contact angle is
close to pi/2.
Substituting in 2 cos θe by its dynamical
equivalent (6) one obtains:
l
dl
dt
=
R
4η
γ
[
cos θe −
ξ
γ
dl
dt
]
, (7)
as previously, R = R2D/RV . Martic et al. sug-
gested in Ref. 32 an analytical solution of 7 in
the following form. 7 can be written as:
1− P2
dl
dt
− P3l
dl
dt
= 0, (8)
here P2 = ξ/(γ cos θe), P3 = 4η/(Rγ cos θe).
With the initial condition l(0) = P1, 8 has the
exact solution
l(t) = −
P2
P3
+
√
2t
P3
+
(
P1 +
P2
P3
)2
. (9)
In case of P2 = 0 9 tends to the classical Lucas-
Washburn equation. All the eﬀects related to
the dynamic contact angle depend on the ratio
P2/P3 = Rξ/4η. The parameters P1, P2, P3 can
be obtained from the ﬁtting of the simulation
data with 9.
To calculate cos θe let us rewrite 8 as
dl
dt
=
1
P3(l + P2/P3)
. (10)
Then, taking into account ξ = P2γ cos θe from
6 one obtains
cos θ = cos θe
[
1− P2
(
dl
dt
)]
. (11)
Eliminating dl/dt from 10 and 11 gives
cos θ =
l(t) cos θe
l(t) + P2/P3
. (12)
This equation can be used to determine cos θe
by ﬁtting the simulation data using previously
calculated P2 and P3.
Model
In this study we considered the processes of
spontaneous imbibition of dodecane into hori-
zontal capillaries/pores of approximately 10 nm
in diameter and up to about 100 nm length.
We used the coarse-grained model suggested
by Marrink et al.63,64 for which one simula-
tion particle represents few methylene (CH2)
or/and methyl (CH3) groups. We assumed that
the ﬂuid in the simulation corresponds to do-
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decane (one dodecane molecule is represented
by three coarse grained (CG) particles con-
nected by elastic bonds) under normal condi-
tions (T = 300 K and P = 1 atm).
For the simulation the ESPResSo package65
was used. The spatial interaction between CG
particles i and j separated by the distance r, is
described by a spherically truncated and shifted
Lennard-Jones (LJ) potential:
U(r) =
{
ULJ(r)− ULJ(rc), r < rc
0, r ≥ rc
(13)
with
ULJ(r) = 4εij
[(σij
r
)12
−
(σij
r
)6]
. (14)
The parameter σij, which deﬁnes the eﬀective
minimum distance between particles i and j,
was set to 1 for all pair interactions and cor-
responds to 0.47 nm in SI units. The cut-oﬀ
radius is set to rc = 1.2 nm = 2.553191σ.
The interaction parameter εij depends on the
types of particles involved in the interaction.
For oil-oil volume interactions εoo = 3.4 kJ/mol
= 1.36309kBT . The strength of pair interac-
tions between oil particles and particles form-
ing the capillary walls, εow, was a variable in
our study. Hereafter, all lengths are quoted in
σ units and energies in kBT units, if not speci-
ﬁed otherwise.
Bond interaction between neighboring beads
along the hydrocarbon molecule was modeled
by the harmonic potential:
Ubond(r) =
1
2
Kbond (r − 1)
2 , (15)
The chain stiﬀness was modeled by a cosine
square bond angle potential:
Uα(ϑ) =
1
2
Kα (cos(ϑ)− 1)
2 , (16)
where ϑ is the angle between two consequent
bonds along the chain. The values of con-
stants in 15 and 16 were set to Kbond =
1250 kJ/mol/nm2 and Kα = 25 kJ/mol.
All particles are considered to be uncharged.
Each dodecane molecule is represented by 3
coarse grained beads, thus the mass of each
coarse grained particle is 56.78 amu (considered
as a unit mass, m, in our simulation).
The temperature of the liquid was kept con-
stant at T=300 K using the standard dissipa-
tive particle dynamics (DPD) thermostat66–68
with a friction parameter ζ set to 0.1 and a
step-function-like weight function with a cutoﬀ
equal to rc.
The equations of motion were integrated with
the standard velocity Verlet algorithm69 with a
timestep ∆t = 0.01τ (τ = σ
√
m/kBT is the
basic time unit).
Fluid properties
The following values for physical parameters of
the ﬂuid were obtained.
Density and compressibility: A simula-
tion in the isothermal-isobaric ensemble (NPT)
was performed to calculate the isothermal com-
pressibility β and bulk density ρbulk of the sim-
ulated hydrocarbons. The simulation system
contained 10000 hydrocarbon molecules (30000
CG particles). The isothermal compressibil-
ity β calculated from the volume ﬂuctuations70
(β = 14.2 · 10−10 Pa−1) is of the same order
of magnitude as the experimental one (9.88 ·
10−10 Pa−1). The bulk density was found to
be 763 kg/m3(ρbulk = 0.842 σ−3) and matches
the experimental value (744 kg/m3) reasonably
well.
Surface tension: The surface tension was
obtained from the anisotropy of the pressure
tensor Pαβ during simulation (in canonical en-
semble (NVT)) of a slab of liquid dodecane in
thermodynamic balance with the vapor phase:
γ =
Lz
2
[
< Pzz > −
1
2
(
< Pxx > + < Pyy >
)]
,
(17)
z corresponds to the direction perpendicular to
the slab, and the simulation box has size Lx ×
Ly × Lz.
To check the occurrence of any ﬁnite size ef-
fect, the measurements were performed for two
systems. Simulation box of size 25σ×25σ×40σ
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(system contained 9999 CG particles) and sim-
ulation box of size 50σ × 50σ × 100σ (system
contained 120000 CG particles). The values
obtained are γ9999 = 23.4 ± 0.8 mN/m and
γ120000 = 23.0 ± 1.4 mN/m. Both results are
very similar and are in good correspondence
with the experimental data (γ = 24.75 mN/m).
To check that the presence of liquid-vapor
boundary does not create any undesirable ar-
tiﬁcial density reduction of the liquid phase,
we have checked the density proﬁles across the
simulation box. The transition regions between
vapor and ﬂuid phases are very narrow. This
observation corresponds well with the fact that
saturated vapor pressure of dodecane is very
small (∼ 20Pa at T = 300K).
Time unit
While such variables as density, length scales,
temperature, pressure and energy keep their
physical meaning in the coarse grained system,
it is not exactly the case for the time scale. The
dynamics of processes in coarse grained systems
is usually faster in comparison to fully atom-
istic description due to reduction in degrees of
freedom and the elimination of ﬁne interaction
details.
One method to match the simulation time
and the real time is to analyze diﬀusion in the
system and thus obtain the scale of the time
axis by matching simulation and experimental
values of the diﬀusion coeﬃcients.
During the NPT simulation used for calcu-
lation of the density and compressibility the
mean squared displacement, 〈r2D〉, was mea-
sured. 〈r2D〉 is a linear function of time of slope
0.063σ2/τ . Using Einstein’s equation for diﬀu-
sion (〈r2D〉 = 6Dt) and the experimental value
of self diﬀusion coeﬃcient for dodecane71 equal
to DC12H26 = 1.0 · 10
−9m2/s we obtained the ef-
fective value of simulation time unit τ ≈ 2.32ps.
Direct estimate of the time unit from the MD
units gives τ =
√
σ2m/kBT ≈ 2.24ps.
Thus, one simulation time unit corresponds to
2.2–2.3ps of real time. In order to link the simu-
lation data to the real physical units τ = 2.3 ps
was used. As a result, the simulated ﬂuid vis-
cosity, measured by the shear rate method,72
was found to be η = 0.972± 0.2 mPa · s, which
is of the same order of magnitude as the exper-
imental one (η = 1.314mPa · s).
Capillaries
In order to build rough capillaries we conﬁned a
melt of random AB-copolymer (6-mer with the
average A:B ratio equal to 4:1) between two
concentric cylinders of radii 12σ and 17σ and
200σ length. The monomer units of type A were
allowed to trespass the inner wall, while the
monomer units of type B remained constrained
between the cylindrical boundaries. After equi-
libration the melt was frozen resulting in a spe-
ciﬁc roughness of the capillary. All particles not
connected to the capillary wall were then man-
ually removed from the system. Afterwards, to
reduce the number of particles in the simula-
tion all the particles for which the distance, d,
from the capillary central line was more than
15σ were eliminated. As a result of these treat-
ments, the “initial” capillary of length L = 200σ
was created.
Particles in the capillary walls are in
nonordered glassy (frozen liquid) state. The
wall particles were ﬁxed to keep the roughness
constant during the run (the similar approach
was used by Gelb and Hopkins24). In order to
check a possible eﬀect of the thermal agitation
of the wall particles, a few test simulations were
evaluated with both dynamic and static walls.
No discernible diﬀerences in rising dynamics
were noticed, consistent with the observations
of other authors.33,40
The capillary roughness, R, is the main char-
acteristic we are interested in. The deﬁnition
of roughness proposed by Wenzel,1 according
to which R = actual surface
geometric surface
, is not appli-
cable in our case due to the complex shape of
the roughness (random roughness) and discrete
structure of the surface (the way to calculate
the “actual surface” in such circumstances is not
clear). We used the root mean square roughness
deﬁnition, which is commonly used in surface
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Figure 1: Capillary roughness as a function of
the bin size.
science:73
R =
√√√√∑N
i=1
(dsi − 〈d
s
i 〉)
2
N − 1
. (18)
Where dsi is the shortest distance from the cap-
illary central line to the wall particles in the
i-th bin; 〈dsi 〉 is the average distance, and N is
the total number of bins. In the case of a cylin-
drical capillary the size of the bin is deﬁned by
the slice thickness and the arc length (inset in
1). The latter depends on the distance from the
center.
Although the value of roughness depends on
the bin size used for the calculations of dsi ,
in certain interval of bin sizes, b, roughness is
nearly constant (1) illustrating a fractal behav-
ior of the surface.
We have chosen the bin size to be 4σ × 4σ,
that corresponds to the plateau region for R(b)
dependence, and also was used in experiments
on nanoroughness.74 The capillary was divided
into 20 angular segments and cut into slices
of width equal to 4σ. In the case of 20 seg-
ments, the segment arc length is equal to 4σ
at d ≈ 12.73σ. This distance is in the region
where the radial density proﬁle of the wall par-
ticles approaches the plateau corresponding to
the bulk wall density (∼ 0.9) (see inset in 2).
The roughness of the initial capillary was
found to be 1.002σ.
Table 1: Orthographic projections of long
(200σ) capillaries of diﬀerent roughness.
R = 1.002 R = 0.805 R = 0.574
〈ds〉 = 10.17 〈ds〉 = 10.34 〈ds〉 = 10.59
R = 0.375 R = 0.145
〈ds〉 = 10.94 〈ds〉 = 11.63
Capillaries of diﬀerent roughness were ob-
tained by “polishing” the inner surface of the
initial capillary. This has been done by elim-
inating the particles located closer than a de-
ﬁned distance from the central line. With
this method smoother capillaries with rough-
ness equal to 0.805, 0.574, 0.375 and 0.145
were created covering a range from signiﬁcantly
rough to almost perfectly smooth (see 1). These
capillaries have length equal to 200σ and are re-
ferred to as “long”.
Since we expect the imbibition data for rough
capillaries to be rather noisy, in order to in-
crease the statistics we performed additional
simulations using capillaries of half length of the
original ones, except for the smoothest one. Re-
ducing the capillary length by two reduces the
imbibition time by four, allowing the produc-
tion of many more statistical samples. Two sep-
arate sets of short capillaries were created. The
ﬁrst one was obtained by removing the down-
stream half of the long capillaries (these capil-
laries are referred to as “short”). The second set
was built using the middle sections of the long
capillaries (from 30σ to 130σ). These capillar-
ies are referred to as “shifted”. This has been
done to eliminate possible bias due to particu-
lar features of roughness. Roughnesses of short
capillaries diﬀer slightly from the long ones: the
“short” set roughness values are 0.381, 0.578,
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Figure 2: Positions of the wall particles for cap-
illary of 100σ length (roughness R = 1.015).
Number density of wall particles across the cap-
illary (left inset) and in the “bulk” wall (12.5σ <
d < 15σ) (right inset).
0.806 and 1.015, and the “short-shifted” set val-
ues are 0.348, 0.544, 0.771, 0.974.
The role of roughness may be aﬀected by wet-
tability. Therefore we varied the capillary wet-
tability by means of the oil-wall interaction pa-
rameter εow (see 14). This parameter was var-
ied between 1.10 and 1.40. The upper limit 1.40
of oil-wall interactions corresponds to the situ-
ation of a complete wetting (for oil-oil pair in-
teractions εoo ≈ 1.36), while for εow = 1.10 the
contact angle is close to pi/2 which marks the
region of εow where spontaneous imbibition can
take place. The relation between the interac-
tion parameter εow and the equilibrium contact
angle can be estimated based on the data shown
in 3. Hereafter we will omit the subscripts for
the oil-wall interaction parameter εow.
The simulations for the long capillaries were
performed for ε equal to 1.10, 1.20, 1.30 and
1.40. For the smoothest capillary the simula-
tion was also performed for ε = 1.35. For the
short capillaries we added cases with ε equal to
1.15, 1.25, 1.35 in order to reﬁne the study of
wettability eﬀects.
Simulation System
The size of the simulation box in all cases is
50σ× 50σ× 310σ. Simulations were performed
in NVT ensemble. Periodic boundary condi-
tions are applied in the directions perpendicu-
lar to the capillary axis. To make the system
closer to the model of a rock pore, an additional
plane of 5σ width perpendicular to the direction
of the capillary axis was set up around the cap-
illary entry to simulate the surface in which the
pore exists. The plane was created from atoms
of the same type as the capillary. The plane and
the capillary are placed in the simulation box
ﬁxing the capillary entry at z = 100σ (see 2).
Thus in the beginning of the simulation all the
ﬂuid particles are located in the reservoir of size
50σ × 50σ × 100σ. To avoid the accumulation
of the ﬂuid particles at the far end of the capil-
lary24,36 we have set up an open-end capillary,
with space in front of the capillary end allowing
particles to evaporate. A sample cross section
of the simulated system is shown in 3.
For the long (length 200σ) capillaries the
simulation system contains 40000 dodecane
molecules (120000 CG particles) and consists
of about 180000 CG particles in total (the ex-
act value diﬀers slightly for capillaries of dif-
ferent roughness, since the number of particles
forming the wall is diﬀerent). For the short
(length 100σ) capillaries the number of dode-
cane molecules is reduced down to 20000 (60000
CG particles). The size of both systems is big
enough to create a suﬃcient volume of bulk
ﬂuid so that the ﬂuid in the capillary is not
aﬀected by the liquid-vapor boundary in the
reservoir.
To make the runs less correlated the initial
conﬁgurations used for the cases of short and
long capillaries were set diﬀerently. For long
capillaries we used the initial conﬁguration with
a liquid already inside the capillary at certain
distance from the inlet. This also eliminates
the impact of the processes taking place at the
very beginning of the imbibition31 close to the
capillary inlet. This conﬁguration was built by
setting an impermeable barrier at l = 5σ lim-
iting the further penetration of the ﬂuid inside
the capillary. The system has been equilibrated
for 20000 timesteps at the given interaction pa-
rameter ε with the barrier, then the barrier was
removed and the spontaneous imbibition inside
the main part of the capillary began. In the
case of short capillaries the initial impermeable
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Figure 3: Snapshot of the simulation system.
barrier was located at l = 0σ, so that the ﬂuid
was not able to enter the capillary at all. As
for the case of long capillaries, each system was
equilibrated for 20000 timesteps at a given in-
teraction parameter ε with the presence of the
barrier, then the barrier was removed and the
imbibition process was monitored.
Since in the simulation the wall particles were
ﬁxed, we investigated how this fact inﬂuences
the ﬂuid density proﬁles75 inside the capillary.
These proﬁles are shown in 4. A small layering
near the walls is observed for smooth capillar-
ies only (R = 0.145 and R = 0.375), the layer-
ing disappears as the roughness increases. The
density of the ﬂuid inside the capillary is close
to its bulk value (0.842σ−3). The proﬁles were
obtained for particles located between 50σ and
150σ from the capillary inlet (long capillaries)
and averaged over all conformations for which
the meniscus level is above 150σ. The data plot-
ted in 4 are for ε = 1.40; for smaller values of
oil-wall interaction the correlations are even less
pronounced.
We also checked that the ﬂuid particles are
not under inﬂuence of the external wall of the
capillary (they do not come closer than the cut-
oﬀ distance rc). As one can see from the inset
in 4 the number of particles behind the bound-
ary d = 12.45σ is negligible (∼ 0.03%).
Validity of the assumptions about
the imbibition conditions
The following assumptions made as a frame
for the derivation of the Lucas-Washburn equa-
tion (3 and 9) are discussed below: the ab-
sence of gravity and the ﬂuid incompressibility,
the instantaneous relaxation towards the vis-
cous regime and the ﬁnite size of the meniscus.
Absence of gravity and fluid incompress-
ibility: A virtual gravity force acting on an
individual CG particle is f = mg ≈ 9.25 ·
10−25N. Typical values of interaction forces in
the system are of the order of one in LJ units
(1 [kBT/σ] ≈ 8.81 · 10
−12 [N ]). It means that
the eﬀect of gravity would be noticeable for sys-
tems containing ∼ 1013 particles and can be
safely neglected in the current study. The same
conclusion is provided by continuum ﬂuid me-
chanics analysis.76
The compressibility results in relative volume
variation due to the pressure drop during the
imbibition: ∆V/V = β∆P = 2βγ cos θ/RV .
For a strongly wet (cos θ = 1) capillary of
RV ∼ 10σ, this leads to an extension of the
ﬂuid column of about 1%. Therefore when re-
quired accuracy is lower than 1% ﬂuid can be
considered as incompressible.
Transient regime: The time for the menis-
cus formation, τ0, and the duration of the iner-
tial regime which follows the moment of contact
between the capillary and the liquid bath (after
the meniscus creation), τ1, can be estimated77
as τ0 ∼ (ρR3/8γ)
1/2 and τ1 ∼ ρR2/4η.
For dodecane in a capillary of ∼ 10 nm in di-
ameter the maximum value of the time required
to reach the viscous regime is τ ∗ = τ0 + τ1 ∼
0
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Figure 4: Radial density proﬁle of the ﬂuid in-
side capillaries of diﬀerent roughness, ε = 1.40.
8
30 ps, after which the Lucas-Washburn equa-
tion can be applied. It means that in our sim-
ulations the transition from inertial to viscous
regime takes place almost instantaneously.
Meniscus position and contact angle: In
the inset in 5 the ﬂuid density proﬁle is plot-
ted versus the distance along the capillary axis.
At the interface between the ﬂuid and its vapor
a transition is discernible reﬂecting the shape
of the meniscus. Therefore the exact loca-
tion and shape of the meniscus require addi-
tional analysis. In order to deﬁne the shape
of the meniscus we have divided the capillary
into 20 coaxial cylinders (bins) of equal vol-
ume, from the central line up to the radial
distance, Rθ where the contact angle is mea-
sured. For each bin the density proﬁle along
the capillary has been calculated. The location
where the ﬂuid density reaches 50% of its bulk
value (ρbulk/2 = 0.42σ−3) was considered as the
liquid-vapor interface inside each bin. Thus we
obtained 20 points representing the meniscus
interface in the coordinate frame: distance from
the capillary axis, distance from the capillary
entry. We assume the meniscus to have a hemi-
spherical shape (see 5), therefore the discrete
interface was approximated by a circular arc.
A circular arc is shown to be appropriate to ﬁt
the meniscus14,25,31,32,37,40 apart from a region
very close to the wall where, especially in the
case of a prewetting layer existence, some de-
viations can occur.78 Although some traces of
prewetting ﬁlm were observed at high values of
ε they are related to individual ﬂuid molecules
adsorbed in the roughness maze rather than
constituting a continuous prewetting ﬂuid layer.
This region was omitted in data ﬁtting.
Table 2: Average values of the residual ℵ (data
for long capillaries).
R ε
1.10 1.20 1.30 1.40
0.145 1.95± 0.87 1.89± 0.81 2.49± 6.67 1.64± 0.69
0.375 3.07± 1.67 3.36± 1.87 3.28± 2.61 2.48± 2.64
0.574 5.21± 5.15 4.67± 3.41 3.88± 3.19 3.45± 3.37
0.805 5.68± 5.14 4.92± 3.44 4.72± 3.46 3.33± 2.50
1.002 6.04± 5.69 5.19± 4.26 4.52± 3.09 3.48± 2.62
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Figure 5: Rising meniscus. Illustration of con-
tact angle calculation. The horizontal lines are
indexing Rb = 9.09, Rθ = 10.17, Rav = 10.34
and Rcut = 12.45. (R = 0.805, ε = 1.40.) The
number density along the capillary is shown in
the inset.
The position of the meniscus along the capil-
lary (l(t) in equation 3) was set at the intersec-
tion of the ﬁtting arc and the capillary axis at
time t. The ﬁtting circular arc was obtained by
minimization of the following residual:
ℵ =
20∑
i=1
(χi − χ)
2 (19)
where χ is the radius of the arc and χi is the
distance from the center of the arc to the liquid-
vapor boundary in the i-th bin.
The residuals also provide information about
the deviation of the meniscus from a hemispher-
ical shape. Although the error bars are of the
same order of magnitude as the values them-
selves, the observable trend is that the devi-
ation is stronger for rough capillaries and for
capillaries of low wettability, where ﬂuctuations
are higher (2).
The distance from the central axis used as a
reference for the measurement of the contact
angle (Rθ) can be chosen arbitrarily for rough
capillaries. For instance Rθ may be set as the
distance from the center line to the largest as-
9
perity (Rb), or it could be the average roughness
distance (Rav), or the limit distance where the
ﬂuid particles start feeling the outer wall of the
capillary (Rcut) (those lines are shown in 5).
For capillaries of diﬀerent roughnesses Rb and
Rav may be diﬀerent. To facilitate compari-
son the contact angles must be measured at
the same distance from the capillary axis for
all cases. An additional requirement is that the
angle has to be measured in the vicinity of the
wall, where the roughness has inﬂuence; how-
ever it cannot be too deep inside the rough-
ness layer where the ﬂuid particles ﬁll out the
empty space between the asperities on the cap-
illary wall instead of forming a continuum me-
dia. Within those constraints we have chosen
Rθ = 10.17σ. This distance corresponds to the
average roughness of the long capillary with the
highest roughness (R = 1.002σ).
For the smoothest capillary (R = 0.145σ) we
used Rθ = Rav = 11.63σ which is noticeably
larger than the previous one, simply because
the capillary eﬀective radius is larger. This
mandatory distinction somewhat limits the va-
lidity of the comparisons between this capillary
and the rough ones.
Results and Discussion
As the result of the simulation runs, we ob-
tained the position of the meniscus and the dy-
namic contact angle as a function of time in
capillaries of diﬀerent roughness and wettabil-
ity. The instantaneous values of the meniscus
position and contact angle were calculated from
the system “snapshots” according to the pro-
cedure described in the previous section. The
snapshots were taken every 100 timesteps for
the long capillaries and every 10 timesteps for
the short ones.
As the start of the imbibition (t = 0) we con-
sidered the moment when the meniscus passes
the level:
l|start = 0σ, capillary length 100σ
l|start = 5σ, capillary length 200σ, (20)
which corresponds to the positions of the imper-
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Figure 6: Long capillary (R = 0.145, Rθ =
11.63). The dashed lines correspond to the best
ﬁt of the meniscus position and the contact an-
gle with 9 and 12, respectively. For the contact
angle data the decimation is 1:10.
meable barriers during the equilibration phase.
We have set the limits for the calculation of
the position of the rising meniscus as:
lc|end = 98σ, capillary length 100σ
lc|end = 198σ, capillary length 200σ. (21)
Where lc corresponds to the level where the ﬁt-
ting arc crosses the Rθ line, this ensures that the
meniscus is not aﬀected by the capillary end.
Smoothing data by averaging in classes
of roughness: Since the simulations were
performed for three sets of capillaries (long,
short, short-shifted) the data were averaged
for close values of roughness R (i.e. 0.381,
0.375, 0.348) and same value of wettability ε.
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Figure 7: Long capillary (ε = 1.10, 1.20, 1.40,
R = 0.375, 0.574, 0.805, 1.002). The dashed
lines correspond to the best ﬁt with 9.
Thus the value of any parameter A was av-
eraged as 〈A〉 = 1Ncap
∑Ncap
i Ai, Ncap corre-
sponds to the number of the capillaries used
for the averaging and was equal to 1, 2 or 3
depending on the particular ε and the rough-
ness group (3 for ε = 1.10, 1.20, 1.30, 1.40, 2 for
ε = 1.15, 1.25, 1.35, 1 for the smoothest cap-
illary R = 0.145). This averaged value 〈A〉
was then subscribed to one of the ﬁve classes
of roughnesses 〈R〉 = 1Ncap
∑Ncap
i Ri, Ncap =
3 for R 6= 0.145;Ncap = 1 for R = 0.145.
Imbibition curves and dynamic contact
angle: The imbibition curves were ﬁtted with
the modiﬁed Lucas-Washburn equation (9) and
the contact angle dependences were ﬁtted with
12. For the long capillaries the simulation data
are plotted along with the corresponding ap-
proximation curves in 6, 7 and 8 (the plots for
the short capillaries are not displayed). The
modiﬁed Lucas-Washburn equation (9) per-
fectly ﬁts the curves. As it can be seen in 9
the classical Lucas-Washburn equation is not
able to properly describe the imbibition dynam-
ics at the initial stage of the process. Addi-
tional information about the quality of the ﬁt
is provided in the inset in 9, where the diﬀer-
ence ∆l between simulation data and the ﬁtting
curves is displayed as a function of the penetra-
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Figure 8: Dynamic contact angle as a func-
tion of time for long capillaries of diﬀerent
roughness: R = 0.375(a), 0.574(b), 0.805(c),
1.002(d); and wettability: ε = 1.10(+),
1.20(©), 1.30(✷), 1.40(△). The dashed lines
correspond to the best ﬁt of contact angle with
12. The data decimation is 1:10.
tion length. Our data support the conclusions
of Martic et al.6 that this diﬀerence is getting
stronger when the interaction between liquid
and solid increases and that the penetration dis-
tance where the dynamic contact angle should
be taken into account is of order of Rξ/η, which
for our system is in the range of 4R− 9R.
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Figure 9: Squared imbibition length as a
function of time. Simulation data (symbols)
with corresponding best ﬁts: classical Lucas-
Washburn equation (3) (dashed lines) and mod-
iﬁed Lucas-Washburn equation (9) (thin solid
lines). Diﬀerence ∆l between simulation data
and approximation ﬁt as a function of pene-
tration length is shown in the inset. Data for
smooth (R = 0.145) long capillaries.
The calculated values of P2 and P3 obtained
by ﬁtting the imbibition curves were used for
approximating the dynamic contact angle data
with 12. Although the graphs for the dynamic
contact angle are very noisy (6 and 8) reason-
able ﬁttings can be done using 12. Clearly the
approximation of the wettability contact angle
is more accurate when the advancing contact
angle does not vary signiﬁcantly during the im-
bibition (i.e. the approximation is better for
smaller ε). At the same time, the simulation
results for high ε can be used for estimating the
scaling dependence of the contact angle θ versus
time. Within the molecular-kinetic regime31
this dependence is shown to be ∝ t−1/4 which
provides a reasonable approximation of the sim-
ulation data (see 10).
The averaged values of P2, P3 and cos θe are
shown in 3. (Individual values of the param-
eters for all the capillaries considered can be
found in the supplementary materials. Since
the initial position of the rising meniscus was
diﬀerent in simulations with short and long cap-
illaries, average values of P1 have no meaning
and are not included in 3.) Curves in 7 and
θ
, 
d
e
g
re
e
ax-1/4
10
4
10
3
10
2
Time, τ
10
1
10
2
10
5
Figure 10: Dynamic contact angle as a function
of time (R = 0.378, ε = 1.40).
data in 3 point out that the roughness slows
down the imbibition (as expected higher wetta-
bility increases the meniscus velocity, also visi-
ble in 6). This complies very well with the ob-
servation that microroughness inhibits the wet-
ting.79,80 For t → ∞ the meniscus velocity is
governed by P3 (10). The smaller the P3 —
the faster the rising. Since P3 = 4η/(Rγ cos θe)
where R = R2D/RV and the static radius is
slightly larger for smooth capillaries, a side ef-
fect on the capillary imbibition may occur (not
directly related to the wall roughness). To
separate near-to-the-wall eﬀects related to the
roughness from the eﬀects related to the capil-
lary radius we consider RD and RV separately.
Volumetric radius RV : The average volu-
metric radius, already deﬁned as the “cross sec-
tion” radius
√
S/pi in 2, can be estimated from
the bulk number density ρbulk and the num-
ber of dodecane particles Np in the capillary
of length L0:
RV =
√
Np/ρbulk
piL0
, (22)
where ρbulk = 0.842. This approach was used
for example by Morrow.2
RV was calculated using the middle section
[20σ : 70σ] for short capillaries and [20σ : 170σ]
for long ones (averaged over 100 diﬀerent conﬁg-
12
Table 3: Average values of P2, P3 and cos θe ob-
tained by ﬁtting the imbibition curves. Full
data set is available in the supplementary ma-
terials.
〈R〉 ε P2 P3 cos θe
±0.003
Rθ = 11.63
0.145 1.40 62.4± 2.6 3.47± 0.08 0.998
0.145 1.35 45.5± 0.4 3.92± 0.00 0.926
0.145 1.30 44.0± 0.5 4.26± 0.01 0.808
0.145 1.20 60.1± 0.7 5.30± 0.01 0.584
0.145 1.10 57.1± 0.7 7.78± 0.01 0.341
Rθ = 10.17
0.368 1.40 65.5± 8.4 3.93± 0.16 0.965
0.368 1.35 45.4± 5.1 4.69± 0.13 0.845
0.368 1.30 63.5± 12.9 4.58± 0.08 0.804
0.368 1.25 59.2± 0.4 5.05± 0.11 0.687
0.368 1.20 74.7± 13.8 5.86± 0.38 0.582
0.368 1.15 77.8± 26.0 7.00± 0.35 0.462
0.368 1.10 83.4± 5.4 9.11± 0.38 0.345
0.565 1.40 65.6± 18.0 4.22± 0.21 0.956
0.565 1.35 62.6± 5.7 4.52± 0.01 0.890
0.565 1.30 82.6± 5.3 4.60± 0.02 0.838
0.565 1.25 59.3± 7.2 5.86± 0.16 0.666
0.565 1.20 79.4± 16.1 6.40± 0.32 0.565
0.565 1.15 70.5± 9.3 7.75± 0.05 0.428
0.565 1.10 80.1± 20.9 10.04± 0.22 0.318
0.794 1.40 65.0± 6.2 4.47± 0.13 0.967
0.794 1.35 61.8± 4.9 4.73± 0.07 0.897
0.794 1.30 69.3± 11.6 5.09± 0.21 0.796
0.794 1.25 67.3± 7.9 5.88± 0.29 0.672
0.794 1.20 76.6± 18.5 6.69± 0.29 0.558
0.794 1.15 72.9± 2.7 8.43± 0.10 0.408
0.794 1.10 119.8± 37.7 10.29± 0.67 0.309
0.997 1.40 74.5± 14.0 4.55± 0.31 0.977
0.997 1.35 70.6± 1.1 4.99± 0.14 0.917
0.997 1.30 78.9± 14.0 5.15± 0.30 0.839
0.997 1.25 74.7± 14.4 6.05± 0.19 0.693
0.997 1.20 90.1± 21.7 7.04± 0.51 0.583
0.997 1.15 102.2± 16.4 8.30± 0.74 0.450
0.997 1.10 133.0± 74.7 10.95± 1.62 0.328
urations when the section was entirely ﬁlled by
ﬂuid). The calculated RV (4) increases as the
roughness decreases. Although we have found
that for capillaries of the same roughness, RV
is slightly larger for higher ε, the diﬀerence re-
maining smaller than 1%. The slight increase
of the particle number in the capillary when in-
creasing the wettability is due to a better pack-
ing and a decrease in the mobility of the parti-
cles close to the capillary wall.
Variation of P3 cos θe: For the capillaries be-
longing to the same class of roughness the prod-
uct P3 cos θe should be constant (8); however
P3 cos θe increases with the wettability parame-
ter (see 11). This observation is also supported
by the data of Martic et al.31 though they did
not focus on this discrepancy.
Table 4: Volumetric radii of the capillaries, RV
(precision 0.01).
〈R〉
ε 0.997 0.794 0.565 0.368 0.145
1.10 10.82 10.84 10.90 11.07 11.56
1.15 10.83 10.85 10.92 11.08
1.20 10.86 10.87 10.94 11.10 11.56
1.25 10.87 10.89 10.95 11.11
1.30 10.89 10.91 10.97 11.13 11.61
1.35 10.89 10.92 10.98 11.14 11.60
1.40 10.92 10.93 10.99 11.15 11.62
The only reason for the product P3 cos θe to
be not a constant is that between the parame-
ters R, η and γ, some or all vary. The surface
tension γ represents the ﬂuid properties at the
liquid–vapor interface and should be indepen-
dent on ε. The interaction with the wall can
result in a local increase of the ﬂuid viscosity;
however viscosity in the central part of the cap-
illary should not be aﬀected. This eﬀect can be
described by a slip over a “sticky surface layer” 81
and will aﬀect the hydrodynamic radius of the
capillary. 1% of variation of RV (see 4) can
not completely explain the deviation described
above. The only remaining parameter which
can signiﬁcantly change its value due to wetta-
bility is the hydrodynamical radius RD. It can
be calculated as
RD =
√
4ηRV
P3γ cos θe
. (23)
Difference (RD−RV ) as a function of wet-
tability ε, and roughness R : In the prox-
imity of the wall, the eﬀects of roughness and
wettability on the ﬂow are conveniently de-
scribed by the diﬀerence ∆R = RD−RV . In 12
∆R is shown as a function of 1/ε2. The choice
is based on the evidence82,83 that the slip length
δ depends on the wettability as δ ∝ 1/ε2, and
we expect the similar dependence for ∆R. In
addition the dependence of ∆R on the capillary
roughness (13) shows a linear decay84 suggest-
ing that the diﬀerence ∆R can be expressed as
∆R = ∆R0 +
kε
ε2
+ kRR. (24)
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Figure 11: Product P3 cos θe as a function of ε
for capillaries of diﬀerent classes of roughness:
〈R〉 = 0.145(+), 0.368(×), 0.565(✸), 0.794(),
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Figure 12: ∆R as a function of 1/ε2 for
capillaries of diﬀerent classes of roughness:
〈R〉 = 0.145(+), 0.368(×), 0.565(✸), 0.794(),
0.997(©).
Here ∆R0 is the asymptotic value of ∆R for
ε → ∞ and R → 0 and kε, kR are numerical
coeﬃcients. kε = 5.07 ± 1.01 was obtained by
ﬁtting the data in 12, and kR = −1.00±0.18 by
ﬁtting the data in 13. From the data it is clearly
visible that the case ε = 1.40
(
1
ε2
≈ 0.51
)
systematically deviates from the main patterns
(during the ﬁtting procedure the corresponding
points were omitted). This case corresponds to
an extreme wetting situation which requires ad-
ditional investigations.
The values of ∆R0 calculated from the simu-
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Figure 13: ∆R as a function of roughness for
capillaries of diﬀerent wettability: ε = 1.10(+),
1.15(×), 1.20(✸), 1.25(), 1.30(△), 1.35(▽),
1.40(©).
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lation data for diﬀerent R and ε are presented
in 14. All the data are distributed around a sin-
gle line ∆R0 = −3.60, which proves the validity
of 24. The layer thickness of immobilized ﬂuid
one expects to have in case of ε→∞ is equal to
the interaction cut-oﬀ radius rc, ∆R0 well cor-
responds to rc plus one σ of stand oﬀ showing
the consistency of our ﬁtting approach.
Wetting line friction coefficient: The co-
eﬃcient of wetting line friction introduced in 6
can be calculated from P2 as ξ = P2γ cos θe.
14
Unfortunately, the typical P2 error bars are
quite large limiting the possibility of accurate
data analysis. Nevertheless, within the frame
of this uncertainty some estimates can be per-
formed. We calculated ξ from P2 (provided
in 3) and using equation (7) from Ref. 62 based
on molecular-kinetics theory61,62 approach:
ξ =
η
ρbulkλ
3
exp
(
γ(1 + cos θe)λ
2
kBT
)
. (25)
The average length of molecular displacement
λ is estimated according to de Ruijter et al.85
as the distance between the centers of the ﬁrst
and the second layer near to the capillary wall.
In our case λ is about 0.95σ (see 4). The re-
sults are rather dispersed, however the simula-
tion data and the values obtained from 25 show
similar trend and are in quantitative agreement
(see 15). In both cases ξ clearly increases with
the increase of the wettability. Intuitively one
also expects ξ to increase with roughness re-
sulting in a regular and ordered vertical spread
of data for each value of wettability, which is
suggested but not ﬁrmly demonstrated due to
the poor data precision on P2. The compari-
son of the simulation and the theory looks very
promising and can be consider as an additional
support for the validity of the molecular-kinetic
theory.
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Figure 15: Coeﬃcient of the wetting line fric-
tion ξ as a function of ε for capillaries of dif-
ferent classes of roughness: 〈R〉 = 0.145(+),
0.368(×), 0.565(✸), 0.794(), 0.997(©)
Conclusions
In this study an extensive investigation of the
eﬀect of capillary wettability and roughness on
the imbibition dynamics was carried out by
Molecular Dynamics simulation. The capillary
rise of a ﬂuid can be perfectly represented by
the Lucas-Washburn equation modiﬁed to take
into account the dynamic contact angle, which
was described using the molecular kinetics the-
ory.
The roughness is shown to slow down the
meniscus velocity. The increase of the rough-
ness and/or the capillary wettability induces an
eﬀective decrease of the hydrodynamics radius
of the capillary resulting in a linear relation be-
tween ∆R,R and 1/ε2. The study also demon-
strates the relevance of molecular dynamics for
the description of the triple line motion on sur-
faces of random roughnesses.
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